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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The microscopic fracture behavior, or in detail, damage initiation, growth and coalescence of in-situ TiB2 particle reinforced 
2024-T4 Al matrix composite (in-situ PRAMC) synthesized through an exothermic reaction process is investigated via in situ 
scanning electron microscopy (SEM) test with tensile load. Brittle fracture of large particles and clusters of small particles are 
identified in the early stage. The number of micro cracks accumulates with the increase of tension load. The debonding at the 
interface of large particle or cluster of small particles with Al matrix is scarcely found, which ensure an effective load transfer from 
particles into ductile matrix. The coalescence of micro cracks leads to final fracture. The fracture morphology observation confirms 
the feature of ductile fracture. 
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1. In roduction 
Particle reinforced Al matrix compos tes (PRAMCs) have b en applied in m ny fields such as aviation, spaceflight 
and automobile industry. Compared to their Al matrix, PRAMCs commonly have better performances, such as higher 
specific strength, higher specific modulus, better fatigue property, higher damping and wear resistance etc (Clyne 
1995; Chawla 2006). But their applications are partly limited due to the decreased ductility and fracture toughness 
(Akbari 2015). Therefore the fracture mechanisms of PRAMCs have attracted more and more research effort. 
The mechanical properties and damage mechanisms of PRAMCs strongly depend on their synthetization 
technologies. There are mainly two preparation methods for PRAMCs according to particle adding manners, 
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mechanically mixed and in-situ generated respectively. The former combines prepared particles with Al matrix by 
powder metallurgy, extrusion casting or injection molding etc. The main drawback of PRAMCs synthetized by 
mechanically mixing is the weak interface between particles and matrix (IPM). In addition, relatively large particle 
size (usually tens of microns) and sharp particle corners lead to severe stress concentration in the matrix from where 
damages prone to initiate. Nevertheless, the in-situ PRAMCs generate stable reinforcing phase by chemical reaction 
and exhibit better strength at IPM than mechanically mixed PRAMCs.  
Microscopic observation with in situ tensile is a promising approach to study the micro fracture mechanisms of 
PRAMCs. It can provide abundant information on damage initiation and growth, and how do they affect the strength 
characteristics of the material. Furthermore, it is also a supplementary means to develop a micromechanics model for 
the material. 
Wang (2007) studied the damage initiation and evolution process of SiC particle reinforced Mg matrix composite 
using scanning electron microscopy (SEM) with in situ loading equipment, and drew a conclusion that the debonding 
of interface between particle and matrix is the major mode of damage initiation and that ductile failure of matrix 
ligament facilitates the coalescence of micro cracks. Voids nucleation and growth in steel under static load were 
observed by Seo (2015) with the help of X-ray tomography, and some quantitative parameters were also determined 
for porous ductile failure model. Vreeling (2000) combined in situ tensile test and fractography to observe crack 
initiation and propagation in Al/SiCp metal matrix composite produced by laser embedding. Pyzalla (2005) presented 
an in situ experimental research on creep damage evolution in AA6061+22%Al2O3 with synchrotron radiation 
tomography using a mini creep device. Wu (2001) investigated the transverse response of titanium matrix composites 
by using a field emission SEM. 
The material used for this study is in-situ TiB2/2024 PRAMC. The mass fraction of TiB2 particles is 8%. Ingot is 
synthesized in an exothermic reaction process in which K2TiF6 and KBF4 mixed salts. They are added into molten 
2024 alloy to produce TiB2 particles at 850 °C. The ingot is then hot extruded with extrusion ratio of 10. Heat 
treatments are conducted for T4 condition. The special solidification process results in particular micro structure of 
the in-situ TiB2/2024 PRAMC in which particles appear either in clusters with very small sizes, or isolated rarely with 
much larger size, so that the fracture mechanism of in-situ PRAMC may be quite different. Few work has reported 
the particle cluster damage and its influence on the fracture behavior of in-situ PRAMC, whether quantitative or 
qualitative. In this study, we conducted the in situ tensile test via SEM to observe the damage initiation and evolution 
process of in-situ PRAMC and clarify the damage mechanisms of it.  
2. Experiment procedure 
The nominal stress-strain curves of in-situ TiB2/2024 PRAMC and 2024-T4 are obtained through tensile test 
according to ASTM E8M-04 Standard, as shown in Fig. 1. Compared to 2024-T4, the yield and the ultimate tensile 
strength of in-situ PRAMC in extrusion direction are increased by 25.2% and 22.8% respectively, but with decrease 
in elongation.  
The geometry of the in situ tensile specimen is shown in Fig.2. Its thickness is 1.0 mm. The specimen surface to 
be observed by SEM are grounded and mechanically polished. The in situ tensile tests were undertaken in a Zeiss 
SUPRA 55 field emission SEM equipped with a MTEST-5000 tensile loading equipment. After the in situ tensile 
tests, fracture surfaces were observed and analyzed with SEM. 
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Fig. 1 Nominal stress-strain curves of in-situ TiB2/2024 PRAMC and 2024-T4 alloy 
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Fig. 2 The geometry of the in situ tensile specimen 
3. Observation of the fracture process 
From the microscopic view of the observation surface (Fig. 3&4), the grain size of Al matrix is about 600m×
100m. Massive particles of very tiny sizes (tens to hundreds of nanometers) collected on grain boundaries to appear 
as the clusters of small particles (CSPs). Particles of such small sizes are scarcely distributed inside grains except for 
few of isolated large particles (LPs) up to dozens of microns. 
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Fig. 3. Microscopic morphology of the microstructure in central area of specimen 
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Fig. 4. Particle distribution in specimen: (a) Large particle; (b) Cluster of small particles. 
The damage evolution process during in situ tensile test can be divided into three stages, single cracking of LPs 
and CSPs, multiple cracking of LPs and CSPs and coalescence of micro cracks.  
Micro cracks (MCs) firstly appear due to self-cracking of LPs, as shown in Fig. 5. MCs also initiate in CSPs by 
either breaking small particles or debonding interfaces of small particles (Fig. 6). The MCs are usually in mode I and 
approximately perpendicular to tensile direction. They are brittle, extending rapidly until being arrested at the 
interfaces of LPs and CSPs with Al matrix.  
LP
tensile 
direction
 
Fig. 5. Micro crack initiating at 1st damage stage 
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Fig. 6.Damage types of CSPs: (a) MC initiating due to broken small particles; (b) MC initiating due to debonding interfaces of small particles. 
In the second stage of damage evolution, the number of micro cracks increases in LPs and CSPs. Secondary cracks 
in LPs are usually close to the main crack and oriented in different directions owing to the interfering of primary MCs 
to the stress distribution around them, as shown in Fig. 7. While multiple MCs in a CSP usually distributed some 
distant away from each other and so basically normal to the tensile direction, see Fig. 8. The density of micro cracks 
increases with the increase of tensile load. Similar to the main cracks, secondary cracks extend rapidly and being 
arrested at the border of LPs or CSPs with matrix grains where the crack tips become blunting as the load increases, 
because large plastic deformation occurred in the surrounding Al matrix.  
LP
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Fig. 7. Secondary MCs initiating in LP 
tensile 
direction
  
Fig. 8. Increasing MC density inside CSPs 
The third damage stage is characterized by crack coalescence. As shown in Fig. 9, the plastic deformation 
accumulates in the matrix among the main cracks of damaged particle bodies, resulting in local necking. Those cracks 
finally coalesce to form a macro major crack. In another case shown in Fig. 10, if the section between the main cracks 
of damaged particle bodies contains abundant particles, it will separate brittlely to form a macro major crack. Complete 
fracture eventually happens due to the linking-up of macro cracks under tensile.  
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Local necking 
 
Fig. 9. Local necking band in matrix containing few dispersion particles 
 
Fig. 10. Separation of the matrix containing abundant particles 
After in situ tension, fracture morphology is observed by SEM. Except for the breaking LPs and CSPs, honeycomb-
like small dimples due to the matrix ductile failure are widely distributed. In addition, some ductile dimples of 
equivalent size of small particles are also detected at the boundary of CSPs. As noted above, the tensile strength of 
IPM is very high because no debonding of IPM is observed in the whole in situ SEM test with tensile load. Therefore 
these small-particle-size ductile dimples on fracture surface may just act as the result of coalescence of MCs, as shown 
in Fig. 11. 
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Fig. 11. Fracture surface morphology after tension test  
4. Discussion 
In the in-situ TiB2/2024 PRAMC, very small particles are collected on grain boundaries of the Al matrix to form 
CSPs. A few of LPs are spotted isolated inside the grains. According to the in situ tension test via SEM, MCs are 
found to appear and accumulated in LPs and CSPs due to their low capacity of deformation consistency with the 
matrix. The MCs propagate rapidly until being arrested at IPM due to the large plastic deformation and blunting at 
crack tip. The good bonding at IPM ensures the load transfer from damaged LPs and CSPs into Al matrix .The last 
stage is featured by a succession of micro crack coalescences which results in tremendous decrease of residual strength 
and further the final fracture.  
5. Conclusion 
Study on microscopic ductile fracture of in-situ TiB2 particle reinforced 2024-T4 Al matrix composite synthesized 
with an exothermic reaction through in situ scanning electron microscopy tensile tests and fracture analysis reveals 
the following: 
1. The micro cracks first initiate in large particles or clusters of small particles due to their poor tensile strength 
and stress concentration inside them. 
2. With increasing load, the tip of primary micro cracks are blunting while secondary micro cracks initiate one 
after another in large particles and clusters of small particles. It is worth noting that secondary micro cracks initiating 
in large particles are usually close to the main crack and oriented in different directions owing to the interfering of 
primary micro cracks to the stress distribution around them 
3. Final fracture is caused by the crack coalescence at both inner grain matrix and clusters of small particles. 
The interfacial strength between particle and matrix is so high that no interfacial debonding is observed during in situ 
SEM observation with tensile load. 
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